Net mass transfer of lipids was measured in plasma from fasted, normolipidemic subjects. The plasma was incubated, and lipoproteins were subsequently separated by polyanion precipitation or density gradient ultracentrifugation. Total cholesterol, unesterified cholesterol, and triglycerides were measured in the isolated lipoprotein fractions. The rate of cholesterol esterification was measured simultaneously. All plasma samples showed an increase in high density lipoprotein (HDL) cholesteryl esters during 1-hour incubations. In most cases, this increase was higher than the cholesteryl ester formation in total plasma due to cholesterol esterification. Therefore, we concluded that a net mass transfer of cholesteryl esters occurred from the very low plus low density lipoprotein (VLDL+LDL) fractions to HDL in plasma from most of the subjects studied. Transfer of triglycerides occurred from VLDL+LDL to HDL in plasma from all subjects. 
T he lipid and apolipoprotein (apo) moieties of the different plasma lipoproteins are subjected to continuous transfer/exchange reactions (with the exception of apo B). The disequilibrium is maintained in vivo by the ongoing synthesis and degradation of plasma lipoproteins and their constituents. The lipoprotein system functions in the transport of both exogenous and endogenous lipids, including fat-soluble vitamins.
The cholesteryl esters (CEs) present in plasma are derived from two sources. 1 -2 One part is synthesized by acyl CoA: cholesterol acyltransferase (ACAT, EC 2.3.1.26) and secreted into the blood from the intestine and liver in nascent lipoproteins, while another part is synthesized in plasma by lecithin: cholesterol acyltransferase (LCAT, EC 2.3.1.43). Plasma from a variety of mammals, including humans, has the capacity to promote the transfer/exchange of CEs, triglycerides (TGs), and phospholipids between the different lipoprotein classes. Nichols and Smith 3 reported in 1965 that CEs are transferred from high density lipoproteins (HDLs) to very low density lipoproteins (VLDLs) when human plasma is incubated in vitro at 37°C. At the same time, these investigators observed a movement of TGs in the opposite direction. These lipid transfer reactions are facilitated by lipid transfer proteins (LTPs).
4~8 CE molecules are transferred bidirectionally, not only between HDL and VLDL, but also between low density lipoprotein (LDL) and VLDL and between LDL and HDL. This can be demonstrated by using lipoproteins labeled with radioactive CEs. Inhibitors of CE transfer have been described. 910 Accelerated as well as diminished mass transfer of CEs has been observed in dyslipidemic plasma. 'Cholesteryl ester transfer protein (CETP) activity is given in arbitrary units (AU); see the "Methods" section for details.
creting it in the bile. The relative importance of the different lipoprotein classes involved in the transport of CEs to the liver is still unknown (see discussion in Reference 6). LTPs can be expected to play an important role in this process by influencing the relative distribution of CEs between the lipoproteins. The overall transport pathway of excess cellular cholesterol from peripheral cells (e.g., from the arterial wall) to the liver is called reverse cholesterol transport. 13 The present article gives evidence in favor of net mass transfer of CEs from LDLs to HDLs in freshly isolated, undiluted plasma obtained from normolipidemic male and female subjects. Our experiments show that 1) LDLs donate CEs to HDLs in most of the subjects studied. 2) VLDLs accept CEs from LDLs and/or HDLs. The data suggest that fasted, normolipidemic individuals may metabolize a substantial part of their LDL-CEs by way of HDLs.
Methods

Subjects
Plasma samples were obtained from a group of healthy volunteers (both male and female, with plasma lipid levels in the normal range) after they gave their informed consent. Plasma TG concentrations ranged from 0.5 to 1.6 mM, total plasma cholesterol (TC) ranged from 3.9 to 6.2 mM, and HDL-TC ranged from 0.7 to 1.6 mM. Individual values of plasma lipids and HDL lipids are given in Table 1 , together with age and body mass index (BMI).
Isolation of Blood Plasma
After a 12-14-hour overnight fasting period, blood was drawn and collected in tubes containing EDTA (final concentration, 1.5 mg/ml). The blood was cooled immediately to 0-4°C and centrifuged at 3,000 rpm for 15 minutes at 0-4°C. The resulting plasma was kept on ice, and the experiments were performed within 2 hours after blood sampling.
Assay of the Rate of Cholesterol Esterification
The rate of cholesterol esterification by LCAT was measured routinely by estimating the decrease in unesterified cholesterol (UC) during incubation of plasma at 37°C for 1-2 hours. UC was measured enzymatically using kit No. 310328 from Boehringer Mannheim, Mannheim, F.R.G. On several occasions, longer incubation times were used. It was evident that the esterification rate remained constant during at least 2 hours. All incubations were performed in triplicate using undiluted plasma, and quadruplicate samples were analyzed for UC.
The coefficient of variation of the UC assay, determined by analysis of 12 normolipidemic plasma samples (each 12-fold), was 0.5 ±0.1%. The standard deviation (SD) for the cholesterol esterification in each plasma sample was calculated as described in References 14 and 15 with the formula
where SD 0 2 is the variance of the UC assay at time 0, SD, 2 is the variance at time t, and n and m are the number of UC determinations at time 0 and at time 1, respectively. Since there is no correlation between the UC level and the coefficient of variation of the UC assay, the fixed absolute error results in a greater percentile error if the rate of esterification is low. The percentile error can be calculated as (2SD/esterification rate) x 100%
The percentile error was 44% in a sample with a very low rate of cholesterol esterification (18 nmol/ml/hr) and 17% in a sample with a higher rate of cholesterol esterification (47 nmol/ml/hr).
In separate experiments, it was found that the addition of iodoacetate (1 mM) results in more than 95% inhibition of cholesterol esterification.
Assay of Lipid Mass Transfer
Plasma was incubated in triplicate (routinely for 1 hour), and the apo B-containing lipoproteins were precipitated with Mg 2+ /phosphotungstate. 16 Lipid mass transfer between VLDL+LDL and HDL was determined by measuring changes in TG and CE content of the supernatant. CEs were calculated as the difference between UC and TC values. All lipids were analyzed in quadruplicate using enzymatic methods with kits Nos. 877557 and 310328 from Boehringer Mannheim for TG and UC/TC, respectively. The extinctions were measured in a U-2000 spectrophotometer coupled with a 105 XY sampler from Hitachi Ltd., Tokyo, Japan.
Net mass transfer of CEs is calculated as the difference in the increase in HDL-CEs and the rate of cholesterol esterification in total plasma. Since six individual TC casu quo UC determinations are needed to obtain the final value for the CE transfer, the precision of the assay is strongly dependent on the precision of the UC and TC determinations. The coefficient of variation for plasma UC is 0.5±0.1%, 0.8±0.3% for HDL-TC, and 0.8±0.3% for HDL-UC. The coefficient of variation for HDL-TC or HDL-UC was estimated by analysis of 10 normolipidemic plasma samples, precipitated in triplicate and subsequently assayed in quadruplicate. The SD of the increase in HDL-CE and of the CE transfer in each plasma sample was calculated essentially as described above for the esterification rate (as the square root of the sum of the variances of each individual lipid assay divided by the number of lipid determinations). Also, the percentile error is calculated in essentially the same way. The percentile error in the CE transfer was 50% in a sample with a low CE transfer (32 nmol/ml/hr) and 9% in a sample with a high CE transfer (189 nmol/ml/hr).
Net mass transfer of TGs is calculated as the difference in HDL-TGs at time 1 hour and time 0. The coefficient of variation for HDL-TGs was estimated as the coefficient of variation for HDL-TC and HDL-UC (see above) and was 1.0±0.3%. The SD and the percentile error were calculated as described. The percentile error of the TG transfer was 13% in a sample with a relatively low TG transfer (30 nmol/ml/hr) and 7% in a sample with a high TG transfer (62 nmol/ml/hr).
The precipitation procedure was checked by the analysis of apo B and apo E in the supernatants and of apo A-I in the precipitates (see "Results"). In some experiments, plasma VLDLs, LDLs, and HDLs were separated by a one-step density gradient ultracentrifugation 17 at 0-4°C. Iodoacetate (1 mM) was added directly after the incubation of plasma, and the samples were cooled on ice before ultracentrifugation. In one experiment, VLDLs were separated from plasma by flotation, after centrifugation for 20 hours at 27,000 rpm in a Beckman 40.3 rotor. In part of the experiments, VLDLs were subsequently removed by tube slicing.
Assay of Lipid Transfer Protein Activity in Plasma
The activity of LTP in plasma was determined exactly as described by Groener et al 18 by using an isotope assay that detects the exchange of radioactive CEs between exogenous LDLs and exogenous HDLs (cholesteryl ester transfer protein [CETP] activity). The measured activity is independent of the endogenous lipoproteins of the plasma sample tested. In short, LTP was determined as the rate of exchange of cholesteryl ester between [
14 C]cholesteryl oleate-labeled LDLs and unlabeled HDLs. Plasma samples were treated with polyethylene glycol to precipitate the VLDL+ LDL fraction, and the activity of LTP was measured in the VLDL+LDL-free plasma. The amount of HDL introduced with the VLDL+LDL-free supernatant to the assay system was less than 15% of the total amount of HDL present in the assay medium and does not affect the measurement. The within-day assay coefficient of variation was 2.7%.
Assay of Apolipoproteins A-I, B, and E
Apos A-I and B were measured in plasma samples, before and after precipitation of apo B-containing lipoproteins, by radial immunodiffusion as described previously.
19
- 20 Methods were standardized to give absolute values by using pure apo standards of apo A-I and of LDL. Apo E was also measured by radial immunodiffusion by using a pool of human serum as a standard. Consequently, data for apo E are expressed as the percentage of the pooled serum. The very low levels of apo B remaining in the supernatant after precipitation of apo B-containing lipoproteins were assayed by an enzyme-linked immunoassay. 21 
Statistical Methods
A t test was used, with a confidence limit of 95%, to test whether esterification, CE transfer, or TG transfer was significantly different from zero. Relations between two variables were estimated by using Pearson's correlation coefficient (r), with a corresponding test of significance. 22 Relations were taken to be statistically significant iip<0.01 (see Table 5 ).
Results
Validation of the Precipitation Method for Assay of Net Mass Transfer
Apo B was virtually absent in the supernatant after precipitation of apo B-containing lipoproteins. Less than 0.1% of total plasma apo B was not precipitated, both from incubated and nonincubated plasma. Only 2.0±1.2% of total plasma apo A-I was precipitated together with apo B. This amount was not changed significantly after incubation of plasma for 1 hour (1.8±1.0%). These are mean values±SD for six experiments. The percentage of plasma apo E remaining in the supernatant after precipitation of apo B-containing lipoproteins varied between 19% and 55% in the individual plasma samples. Also, this percentage did not change significantly by incubation of the plasma at 37°C for 1 hour. 82±8  144±7  158±9  220±7  167+9  130+8  117+7  50+8  81±7   23+4  28+3  21+3  31+4  37+3  18+4  18+3  48+4  49+3   59±9  116±8  137±9  189±8  130±9  112±9  99±8   2±9   32±8   20+1  40±2  26±1  34±2  62±2  32±2  52±2  30±2  24±1 HDL, high density lipoprotein; CE, cholesteryl ester; VLDL, very low density lipoprotein; LDL, low density lipoprotein.
All values are given in nmol/ml plasma/hr and are mean±SD.
•These values are minimal rates; see the legend to Figure 1 and the text for details.
Cholesterol Esterification and Lipid Mass Transfer in Plasma
Values for cholesterol esterification rates, CE mass transfer, and TG mass transfer are given in Table 2 . All plasma samples showed an increase in HDL-CEs during incubation. In most samples tested (all plasma samples except the one from subject 8), the increase in HDL-CEs was higher than the rate of cholesterol esterification (measured simultaneously in the same plasma sample). It can be concluded that net mass transfer of CE occurs from VLDL+LDL to HDL, at least in plasma samples 1-7 and 9 (t test, 95% confidence limit). Minimal values for CE transfer are shown in Table 2 , based on the assumption that all CE formation in human plasma takes place on HDLs. TG transfer occurs from VLDL+LDL to HDL in all samples.
In these experiments (shown in Table 2 ), HDLs were separated from VLDL+LDL by Mg 2+ /phosphotungstate precipitation of apo B-containing lipoproteins. A disadvantage of this method is that VLDLs are not separated from LDLs. Therefore, it cannot be concluded whether VLDLs or LDLs are the donor Upoproteins in the transfer of CEs from VLDL+LDL to HDLs. Also, it is impossible to decide whether VLDLs or LDLs are donating TGs to HDLs. Therefore, we performed experiments with plasma obtained from six subjects, in which VLDLs, LDLs, and HDLs were isolated by density gradient ultracentrifugation. It was found that HDL-CEs as well as VLDL-CEs increase during incubation of plasma (see Table 3 ). VLDL-CEs increase by about 26 nmol/ml, resulting in a mean 25% rise of VLDL-CEs during the 1-hour incubation. These data allow us to conclude that LDLs are donating CEs to HDLs during incubation of plasma from this group of normolipidemic subjects. Because LDLs cany the bulk of plasma CEs, a significant decrease in the plasma concentration of LDLCEs could not be measured directly. The expected change in LDL-CEs during 1-hour incubation is too small. Using the ultracentrifugal lipoprotein isolation technique, we confirmed that HDL-CEs increase during plasma incubation. Again, the increase of HDLCEs was higher than the rate of plasma cholesterol esterification. The mean value of CE transfer in these six individuals is significantly different from zero. Table 3 also shows that VLDLs are the donors of the transferred TGs. Both HDL-TGs and LDL-TGs increase during incubation.
Three major lipoprotein classes are present in plasma from fasted subjects (VLDLs, LDLs, and HDLs). To measure the net mass transfer of CEs between LDLs and HDLs directly, we designed an experiment in the absence of VLDLs. Plasma was centrifuged in duplicate for 20 hours at plasma density to separate the VLDLs by flotation. VLDLs were removed by tube slicing from one sample, and the original volume was restored by the addition of saline. The VLDLs in the duplicate sample were carefully mixed again with the infranatant. This procedure results in a plasma sample without VLDLs and a control sample with VLDLs. Subsequently, the net mass transfer of CEs was measured as described for normal plasma. Table 4 gives the data obtained from these experiments with plasma from two individuals. These subjects were selected for having either a low or a high CE transfer. No large differ- 'All values are in nmol/ml/hr plasma and are the mean±SD. The initial rate of cholesterol esterification in total plasma was 26±7 (n=6). ND indicates that no significant changes could be detected in the LDL-CE; other changes are statistically significantly different from zero after 1 hour of incubation (p<0.05).
tLipoproteins were separated, after addition of iodoacetate, by density gradient ultracentrifugation at 4°C. Values are mean±SD. 'VLDLs were removed from plasma by ultracentrifugal flotation; for details, see the "Methods" section.
tThese are minimal values; see the legend to Figure 1 and the text for details.
ences were observed between the data obtained in the presence or absence of VLDLs. In subject A (high CE transfer), the increase in HDL-CEs is higher than the rate of plasma cholesterol esterification. Consequently, CEs are transferred to HDL. It appears that the absence of VLDLs is not important for the measured CE transfer. It can be concluded that net mass transfer of CEs occurs from LDLs to HDLs. In subject B (low CE transfer), the increase in HDL-CEs is not significantly higher than the rate of plasma cholesterol esterification. In this subject, the low CE transfer cannot be measured accurately. In both subjects, the rates of cholesterol esterification are not affected significantly by the removal of VLDLs.
Net Mass Transfer of Cholesteryl Esters and Trigfycerides After Inhibition of Cholesterol Esterification
We designed an experiment to determine if the net mass transfers of CEs and TGs are influenced by the presence of an inhibitor of LCAT activity. Figure 1 shows the transfer of CEs and TGs in two individual plasma samples, measured in the presence and absence of 1 mM iodoacetate. No cholesterol esterification was detectable in the presence of the inhibitor. The CE transfer was again calculated by subtracting the rate of cholesterol esterification from the value of the increase in HDL-CE. The results indicate that 1 mM iodoacetate may cause some inhibition of CE transfer, but it has virtually no effect on TG transfer. The increase of both neutral lipids in HDL during incubation is evident. These data clearly show that both CEs and TGs are transferred from VLDL+LDL to HDL in the presence of an LCAT inhibitor. Figure  1 also shows that the rates of lipid transfer are not constant during a 3-hour incubation. Both CE transfer "rates" and TG transfer "rates" decrease in time.
Activity Levels of Cholesteryl Ester Transfer Protein in Plasma
CETP activity was measured in frozen plasma samples of the nine individuals (see Table 1 ) with [ l4 C]cholesteryl oleate-labeled exogenous LDL and unlabeled exogenous HDL as substrates. 18 The activity ranged from 79 to 116 units/ml plasma, with a mean value of 96±11. Because these activities are dependent on the batches of exogenous substrates used, the activities are shown in arbitrary units. The individual CETP activities are shown in Table 1 , together with the plasma lipid, HDL-TC, and HDL-UC values and some other characteristics of the subjects.
Relations Between Plasma Lipids, Lipoproteins, Rates of Cholesterol Esterification, and Lipid Transfer Parameters
Pearson correlations between age, BMI, plasma lipid levels, HDL-TC, CETP activity, rates of cholesterol esterification, and net mass transfer of CEs and TGs are shown in Table 5 . Plasma TC is positively correlated with BMI (/-=0.815,/>=0.007). The values for CE transfer (see Table 2 ) are positively correlated with HDL-TC (r=0.829,p=0.006). In contrast, the values for TG transfer (see Table 2 ) do not correlate with any of the other parameters in a significant manner in our study group (p>0.05). Discussion This article describes net mass transport of CEs from LDLs to HDLs in normolipidemic plasma. Part of the results seem different from previously reported data, 36 -1112 albeit that some of the apparent discrepancies might be explained by different methodologies, for example, the use of LCAT inhibition or the use of longer incubation times. Figure 1 shows that LCAT inhibition might decrease CE transfer from VLDL-LDL to HDL. Also, incubation times of 6 hours or more 312 could result in different end points of CE transfer, compared with incubations of 1-3 hours. However, in some previous articles (e.g., Reference 23), the methods used were quite comparable to the methods described here (apart from a threefold dilution of plasma), and still the transfer of CEs from LDLs to HDLs was not observed. At present, we have no explanation for this apparent discrepancy. The data in Table 4 suggest that the presence of VLDLs is not a prerequisite for either cholesterol esterification (confirming the data from Reference 14; see, however, References 24 and 25 for effects of VLDL addition under various incubation conditions) or for the transfer of CEs from LDLs to HDLs. It is, therefore, unlikely that differences in VLDL level or composition may have caused the apparent discrepancies. Dilution of plasma could influence lipid transfer processes by lowering the concentration of substrate lipoproteins. In addition, the distribution of LTP 26 and/or putative inhibitors of LTP 910 between the different lipoprotein classes may change by plasma dilution. Also, there is the possibility of an intrinsic (genetic) difference between lipid transfer processes in plasma from different populations. Figure 1 shows that lipid transfer is not linear during 3-hour incubations, so it is clear that initial rates of lipid transfer are not necessarily measured using incubation times of 1 hour. It is, however, technically impossible to assay statistically significant CE transfer during incubation times of 30 minutes, despite the high accuracy of our precipitation method and lipid analyses. In contrast to the lipid transfer reactions, we found the plasma cholesterol esterification to be linear during 2-3 hours of incu- bation (data not shown). The rate of cholesterol esterification measured in freshly isolated plasma was 30±12 nmol/ml/hr plasma ( Table 2 ). Some values reported in the literature (obtained in normolipidemic subjects) are significantly higher, 15 but values ranging from 31 to 60 nmol/ml/hr 23 and 34±8 nmol/ ml/hr (seven normal subjects with low plasma TG levels) have also been reported. 27 Using the same assay, we measured activities of 121 ±26 nmol/ml/hr in hyperlipidemic patients with coronary artery disease. 28 The two cholesterol esterification rates reported in Table 4 are higher than the activities shown in Table 2 . This may be due to the fact that the plasma samples used in the experiments shown in Table 4 were reconstituted, whereas the data shown in Table 2 were obtained with freshly isolated plasma.
Although the net mass transfers of TGs and CEs occurring in plasma are catalyzed by LTP, 4 -8 the plasma activity level of CETP is not the only determinant of the rate of mass transfer of CEs or TGs. In this study, no relation was evident between CETP activity and net mass transfer of CE or TG. The Pearson's correlation coefficients were only 0.333 (/?=0.38) and -0.271 (p=0.48), respectively. The only weak (not statistically significant) correlation of CETP activity was with plasma TC (r=0.612, p=0.08). This may indicate that the differences in net mass CE or TG transfer between healthy individuals are mainly caused by other factors. One factor could be the chemical composition of the acceptor and donor lipoproteins.
23 -29 - 31 Abnormal lipoprotein compositions are present in dyslipidemic plasma, but net mass transfer of CEs was reported to be accelerated 11 as well as inhibited 12 in this condition. In the present study, a clear correlation between the concentration of HDL-TC and the value for CE net mass transfer from VLDL+LDL to HDL was found (see Table 5 ). This observation supports but does not prove the notion that rates of CE transfer may partly determine the level of plasma HDL-TC. Caution should be used in the interpretation of probability values because of the relatively small sample size and because of the fact that multiple testing increases the possibility of obtaining a significant result by chance.
We found that plasma from hyperlipidemic patients with coronary heart disease had altered mass transfer of CEs and had accumulated CEs on VLDL+LDL during incubation. 28 This implies that accumulation of CEs on HDLs, due to net mass transfer of CEs from LDLs to HDLs, is likely to be confined to normolipidemic subjects in the fasted state. In the postprandial state when chylomicrons (remnants) are circulating, these TG-rich lipoproteins will certainly influence the transfer of CEs. 23 '
30
The TG transfer measured by in vitro incubation of plasma (about 40 nmol/ml during a 1-hour incubation) is low compared with the total plasma turnover of TGs in vivo. 3233 Published values 33 show a range from 300 to 500 nmol/ml plasma/hr for endogenous TG turnover and a range from 700 to 2,600 nmol/ml plasma/hr for total TG turnover. Most plasma TGs are metabolized by lipoprotein lipase action on VLDLs and chylomicrons, and it is therefore conceivable that lipid transfer reactions do not play an important role in total plasma TG turnover. Only a small proportion of plasma TGs are metabolized on HDLs. 34 The situation is completely different in the case of plasma CE metabolism, with in vivo turnover rates of only 30-90 nmol/ml plasma/hr.
1 -33^ The values for CE transfer in plasma from normolipidemic subjects ranged from virtually zero to almost 200 nmol/ml/hr (Tables 2-4). These comparisons suggest that the CE transfer rates measured in plasma from fasted Individuals cannot operate 24 hr/day but probably only occur during fasting (see also the preceding paragraph).
Our working hypothesis concerning the role of CE transfer reactions in plasma lipoprotein metabolism of normolipidemic subjects in the fasted state is depicted schematically in Figure 2 . Three different CE transfer reactions are shown. In our hypothesis, we depict not only net mass transfer of CEs from the site of LCAT action to the bulk of HDLs (pathway 1, see Reference 36) and from HDLs to VLDLs (pathway 2, originally proposed in Reference 3) but also from LDLs to HDLs (pathway 3). This third pathway has not been described before, and it implies that CEs in HDLs and LDLs are not in equilibrium in vivo. If the CE transfer measured in vitro also operates under in vivo conditions, a substantial part of the CEs in VLDL+LDL may leave the plasma compartment via HDLs. This implies that the rate of HDL-CE uptake by tissues must be much higher than the irreversible degradation of HDL apos A-I and A-II (about 0.01 pool/hr, see Reference 37) . This notion is in agreement with observations in rats on the preferential uptake of HDL-CEs in comparison with HDL proteins. 38 - 40 Our results strengthen the central position of HDLs in reverse cholesterol transport, as originally proposed by Glomset. 
